Epidermal growth factor receptor (EGFR) is overexpressed in up to 90% of head and neck squamous cell carcinoma (HNSCC) and associated with poor outcome. An anti-EGFR antibody is the only FDA-approved cancer intrinsic targeted therapy for HNSCC; however, resistance eventually occurs in all patients. In order to extend therapy options, we subjected patient-derived HNSCC cells to small-molecule inhibitor and siRNA screens, to identify effective combination therapies with an EGFR inhibitor, and to repurpose the FDA approved agents for HNSCC. The combinations of EGFR inhibitor with anaplastic lymphoma kinase (ALK) inhibitors were effective in reducing cell viability in 4/8 HNSCC patients' derived tumor cells, and this corresponded with an effectiveness of siRNA targeting ALK combined with the EGFR inhibitor gefitinib. Co-targeting EGFR and ALK decreased HNSCC cell number and colony formation ability and increased annexin V staining. Because ALK expression is low and ALK fusions are infrequent in HNSCC, we hypothesized that gefitinib treatment could induce ALK expression. We show that ALK expression was induced in HNSCC patient-derived cells both in 2D and 3D patient-derived cell culture models, and in patient-derived xenografts. Four different ALK inhibitors, including two (ceritinib and brigatinib) FDA approved for lung cancer, were effective in combination with gefitinib. Together, we identified induction of ALK by EGFR inhibitor as a novel mechanism potentially relevant to resistance to EGFR inhibitor, a high response rate of HNSCC patient-derived tumor cells to a combination of ALK and EGFR inhibitors, and applicability of repurposing ALK inhibitors to HNSCC that lack ALK aberrations.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is the 6th most common cancer worldwide, affecting »600,000 patients per year. 1 Epidermal growth factor receptor (EGFR) is upregulated in up to 90% of HNSCC patients and is associated with poor survival, although its status is not associated with therapeutic responses. 2, 3 Cetuximab, a humanized monoclonal antibody targeting EGFR, has been the only FDA-approved cancer intrinsic targeted therapy for HNSCC since 2006. However, this treatment eventually fails, as patients either have intrinsic resistance to it or acquire resistance in less than 3 months. 4 Given compensatory crosstalk between kinases within cancer cells, the use of combinations of other kinase inhibitors with EGFR inhibitors in HNSCC to overcome resistance to EGFR inhibitors has been investigated and suggested to be beneficial in preclinical models and under active testing in clinical trials. 5 ALK is a kinase involved in various cancer types including anaplastic large-cell lymphoma, non-small-cell lung cancer (NSCLC) and neuroblastoma. 6 Four inhibitors targeting ALK, crizotinib, alectinib, ceritinib (LDK378) and brigatinib (AP26113), have been FDA approved for the treatment of metastatic NSCLC positive for ALK fusions. 7, 8 However, the oncogenic roles of ALK and the effect of ALK inhibitors in HNSCC are less clear, due to relatively low expression and low frequency of ALK mutations or fusions in naive HNSCC tumors.
regulating invasiveness and metastatic progression in HNSCC, 10 and ALK is upregulated in advanced disease compared to early-stage tumors. 11 A recent study reported that cotargeting ALK and EGFR using TAE684 and gefitinib significantly reduces HNSCC cell proliferation in vitro and decreases tumor volumes of a cell line derived xenografts by 30%. 11 However, whether the effectiveness of the combination of gefitinib and TAE684 was due to inhibition of EGFR and ALK was uncertain, since TAE684 has multiple targets other than ALK. 12 More importantly, the mechanism of synergy between these two agents is unknown. Further, to better predict clinical outcome of using EGFR and ALK inhibitor combinations in treating HNSCC patients, patient-derived models are needed.
The purpose of our study was to interrogate HNSCC patient-derived epithelial tumor cells for repurposing FDA approved agents to HNSCC treatment to overcome EGFR inhibitor resistance. We used patient-derived models to examine the role of ALK in HNSCC, determine whether co-targeting ALK and EGFR could overcome EGFR resistance in HNSCC cells, and determine potential mechanisms of synergy of these agents.
Results

Inhibitor assays identified ALK and EGFR inhibitors as effective combination therapies in HNSCC patient-derived tumor cells
Given the ubiquitous role of tyrosine kinases in regulating critical cellular processes and redundant functions of kinases in cancer cells, we hypothesized that co-targeting EGFR and certain other kinase inhibitors would lead to enhanced anti-oncogenic response compared to the single-agent treatment of EGFR inhibitors. To test this hypothesis and to identify therapeutic agents that could overcome EGFR inhibitor resistance in HNSCC, we subjected patient-derived tumor cells to a smallmolecule inhibitor screening assay, 13 with or without an EGFR inhibitor, in order to identify agents that synergize with EGFR inhibitors in reducing HNSCC cell viability.
To ascertain the relevance of the inhibitor assay drug panel to HNSCC, we examined the drug target coverage of the drug panel in the context of our analysis of HNSCC somatic mutation data from the Cancer Genome Atlas (TGCA). Using a bioinformatics approach (see supplementary methods), we were able to leverage known drug-target data to discover potentially targetable HNSCC pathways. Of 224 pathways judged relevant to HNSCC in analysis of mutation enrichment from 279 TCGA HNSCC cases, 111 pathways (49.4%), which we termed "light" pathways, were targeted by the combined inhibitor panel and FDA-approved drugs based on the Cancer Targetome (an evidence-based framework of drug-target interactions 14 ) , with the remaining pathways "dark" or without current drugs targeting any members of the pathway.
In order to functionally evaluate HNSCC cell responses and their relevance to individual patients, we evaluated patientderived tumor cells. The demographics and tumor characteristics of patients enrolled in this study include the oral and laryngeal sites predominant in TCGA HNSCC patients and alcohol and/or tobacco use in all but 1 (an HPV positive case), based on our analysis of 279 TCGA HNSCC patients (Supplementary  Table S1 ). 15 Original tumor H&E staining revealed 65% (median) tumor in the specimen, and keratin and vimentin staining showed 90.5% (median) epithelial cells in the patientderived tumor cells (data not shown).
A low dose (50 nM) of EGFR inhibitor was selected to be tested in combination with the drugs on the inhibitor assay panel. This dose is clinical achievable, and is lower than the IC50s of most HNSCC cell lines tested in the literature 16 ; therefore it was selected as likely to allow detecting improved IC50s of combinations with the drugs on the panel and to eliminate off-target effect by a high dose of the drug.
An effective drug from the inhibitor assay for any given patient was defined as a drug that has an IC50 that is lower than 20% of the median IC50 of all the HNSCC patients tested on this panel, thus showing a degree of selectivity rather than being generally toxic to all patients' tumor cells. A drug that was potentially synergistic to EGFR inhibitor was defined as one that decreased IC50 below 20% of the median IC50 after adding EGFR inhibitor but not as a single agent for that patient.
Fourteen out of 122 drugs on the panel showed effectiveness in combination with EGFR inhibitors in the patient-derived tumor cells (Supplementary Table S2 ). In particular, our approach detected PI3K inhibitors PI103, BEZ235, and PP242 (as effective combinations with EGFR inhibitor, which is consistent with previous preclinical HNSCC studies in vitro and in vivo and the testing of PI3K/mTOR inhibitor combinations with EGFR inhibitors in clinical trials for HNSCC. [17] [18] [19] Notably, 2 out of the 14 drugs effective in combination with EGFR inhibitors were ALK inhibitors. While ALK inhibitors were effective in only 1 out of 8 patients as single agents (Table 1A) , with a low dose of EGFR inhibitor, 4 out of 8 patients' tumor cells became sensitive to ALK inhibitors TAE684 and GSK1838705A (Table 1B) , and only 1 out of 8 patient-derived tumor cell cultures were sensitive to EGFR inhibitors as single agents (Table 1C) , suggesting synergistic effects between ALK inhibitors and EGFR inhibitors.
Scale-up experiments and combination index confirmed patients' sensitivity to different EGFR and ALK inhibitor combinations in HNSCC patient-derived tumor cells.
Based upon these results from inhibitor assays, we validated responses of the patients' tumor cells to 4 ALK inhibitors, including 2 FDA approved ALK inhibitors that are not present in the inhibitor panel. Gefitinib and TAE684 combination was reported to have efficacy in treating HNSCC cells lines and cell line derived xenografts 11 ; therefore gefitinib was used in all follow-up validation experiments.
Since different drugs may have different pharmacokinetics in patients, IC50 of an effective drug may not be clinically achievable. Therefore, maximum plasma concentration (C max ) of each agent (Supplementary Table S3 ) also was considered in determining effective drugs.
Of the 8 original cases screened, we extended validations to 6 cases, excluding a maxillary sinus SCC case (10205) that is anatomically distinct from the oral and laryngeal sites of most HNSCC, and a case lacking sufficient material (10021). We did include an HPV positive case (10159), although HPV positive HNSCC have different etiology from HPV negative cases and more effective treatment options than HPV negative (Supplementary Table S1 ).
Scale-up dose-response experiments confirmed synergistic effects between EGFR inhibitor gefitinib with FDA approved ALK inhibitors ceritinib and brigatinib ( Fig. 1A and B) , and with the ALK inhibitors TAE684 and GSK1838705A ( Fig. 1C and D ) that were used in inhibitor assays. IC50s as single agents and in combination with gefitinib were calculated based on dose-response-curves. In patient 10004's tumor cells, the IC50s of gefitinib and ALK inhibitors as single agents were up to 340 fold and 12 fold higher than as combinations, respectively, and the IC50s for the combination were within clinically achievable doses and statistically significantly lower than for the single agents (Fig. 1A-D) . Similarly, in 10058, the IC50s were up to 35 fold and 12 fold higher when used as single agents than when used in combinations, respectively, and within clinically achievable doses. Therefore, 10004 and 10058 were considered as sensitive cases in follow-up studies. In contrast, in 10250, the IC50s of gefitinib and ALK inhibitors were no greater than 3.9 fold and 1.8 fold higher when used as single agents than when used in combination, respectively, and the IC50s were beyond those achievable in plasma ( Fig. 1A and B) . Therefore case 10250 was considered a relatively insensitive case.
Although ceritinib and brigatinib had similar potency for ALK, with IC50 values of 0.2 nM and 0.6 nM (Supplementary  Table S3) , 20, 21 respectively, brigatinib had lower IC50s for all the cases as single agents compared to ceritinib (Fig. 1A and B) . Interestingly, brigatinib is an ALK/EGFR dual inhibitor, 21, 22 supporting the hypothesis that co-targeting ALK and EGFR is more effective than inhibiting either alone. Thus, our findings support potential repurposing to treat HNSCC of this newly FDA approved drug for NSCLC.
To quantify synergistic effects between gefitinib and ALK inhibitors and to differentiate between synergistic and addictive effect, the level of synergism is measured and quantified by the drug combination index 23 (Supplementary Table S4 ). Combination index below 1 indicates synergy between the drug combination, while above 1 indicates antagonistic effects. Combination indices between gefitinib and all four ALK inhibitors tested in scale-up experiments in 10004 and 10058 were below 1, and IC50 within achievable plasma concentrations, C max , suggesting synergetic effects between gefitinib and these ALK inhibitors in these cases. In 10054, combination indices between gefitinib and all ALK inhibitors but brigatinib were below 1 (Supplementary Table S4 ), suggesting synergetic effects between gefitinib and these three ALK inhibitors in these cases. Notably, brigatinib is an ALK and EGFR dual inhibitor, which could be responsible for lack of a synergistic effect upon further addition of the EGFR inhibitor gefitinib in reducing the viability of these cells. In 10250, although combination indices between gefitinib and all ALK inhibitors but brigatinib were below 1 (Supplementary Table S4 ), the absolute IC50s were higher than the C max ; therefore this case was considered relatively insensitive. Taken together, these results confirm synergistic effects between gefitinib and above ALK inhibitors.
siRNA confirmed a synergistic effect between siALK and EGFR inhibitor in HNSCC patient-derived tumor cells
While anti-cancer drugs have reported targets, nearly all, including those FDA approved drugs have additional targets Table 1 . ALK inhibitors synergize with EGFR inhibitors in inhibitor assays in HNSCC patient-derived tumor cells. HNSCC patient-derived tumor cells (within 0 to 2 passages) from 8 patients were screened by inhibitor assays. Patient-derived tumor cells were plated in 384-well-plates containing 122 drugs in seven serial dilutions with or without 50 nM of EGFR inhibitor. MTS cell proliferation assay was used to determine the IC50s of the drugs on the panel as single agents or in combination with EGFR inhibitors. IC50s of ALK inhibitors TAE684 and GSK1838705A as single agents (A) or in combination with 50 nM gefitinib (B), as well as IC50s of three EGFR inhibitors as single agents (C) are shown. Effective drugs for an individual patient are defined as the drugs that have IC50s below 20% of median IC50. besides the presumed target. 24 To rule out the possibility that the drug combinations' effect on reducing cell viability was due to "off-target" effects, we performed a siRNA screening assay, RAPID assays, 25 that target the same spectrum of targets as inhibitor assay, in the EGFR/ALK inhibitor combination sensitive and insensitive patients' patient-derived tumor cells. In RAPID assays, we exposed tumor cells to pooled siRNAs consisting of 4 different sequences of the siRNAs targeting the same gene in order to validate true targets responsible for the reduction in tumor cell viability by the drugs.
An effective siRNA was defined as a siRNA reduced cell viability below mean viability of the whole panel minus two standard deviations (SD) and statistically significantly different from the non-specific siRNA controls.
We transfected HNSCC patient-derived tumor cells from ALK inhibitor sensitive patients (10004, 10054 and 10058) and a relatively insensitive patient (10250) with a panel of siRNAs targeting the entire tyrosine kinase gene family in addition to NRAS and KRAS (93 genes total). 25 siRNA against ALK alone did not reduce relative cell viability significantly in any of the patients' tumor cells. However, after adding 50 nM gefitinib to the siRNA panel, siRNA targeting ALK reduced the relative cell viability below the mean-2SD in tumor cells derived from patients 10004, 10054 and 10058 ( Fig. 2A-F) but did not reduce viability in 10250 ( Fig. 2G and H) , consistent with the effects using EGFR and ALK inhibitor combinations. In addition, based on the results of these siRNA screens, potential alternative targets, such as IGF-1R, insulin receptor (InsR) and ROS1, which are common targets of ALK inhibitors, including TAE684, GSK1838705A, ceritinib and brigatinib, but with lower affinity than ALK (Supplementary Table S3) , 12, 20, [26] [27] [28] were ruled out as true targets of the inhibitor combinations. These data indicate that the cell viability reduction by the ALK inhibitors in combination with gefitinib was likely to be specific to ALK, not an "off-target" effect.
Co-targeting EGFR and ALK decreased HNSCC patient's tumor cell number, colony formation ability and increased annexin V staining.
To further determine the effects of EGFR and ALK inhibition in HNSCC patient-derived tumor cells, cell number, colony formation ability and annexin V staining were evaluated after treatment with EGFR/ALK inhibitor or siRNAs.
In cases 10004 and 10054, cell numbers by nucleus staining were decreased by gefitinib and ceritinib combination compared to single agents ( Fig. 3A; Supplementary Fig. S1A ), consistent with the cell viability reduction and low IC50 (below C max) , suggesting EGFR and ALK were not just important in cell metabolism. In 10250, although gefitinib and ceritinib combination significantly decreased cell number compared to vehicle control ( Supplementary Fig. S1B ), the absolute IC50s (Fig. 1A and B) were still higher than the C max , therefore this case was considered insensitive.
To determine the effects of co-targeting EGFR and ALK on cell reproductive ability, colony formation assay was performed in the most sensitive case, 10004, to determine the ability of single cells to grow into colonies. Colony formation ability in tumor cells derived from 10004 was statistically significantly reduced when EGFR and ALK were simultaneously co-targeted by siRNAs compared to single siRNAs (Fig. 3B) , suggesting that co-targeting EGFR and ALK could impair cancer cell's reproductive ability. In addition, the effect of EGFR/ALK inhibitor combination on cell apoptosis, annexin V and PI staining was evaluated in these tumor cells. Gefitinib and ceritinib combination statistically significantly increased annexin V positive and PI negative cell population compared to single agents in these tumor cells, suggesting that co-targeting EGFR and ALK could increase cell apoptosis (Fig. 3C) .
The synergy between ALK inhibitor and gefitinib is associated with phosphorylation and/or expression of ALK after gefitinib treatment in patient tumor-derived tumor cells.
RNAseq analysis of our HNSCC patients' native tumors and patient-derived tumor cells without any treatment showed low expression levels of ALK mRNA (data not shown). Therefore, based upon the idea that compensating pathways are activated after monotherapy treatment of anti-cancer drugs, we hypothesized that synergy between EGFR and ALK inhibitors was due to induction of ALK by EGFR inhibitor, as a mechanism to explain why ALK inhibitors were not effective as single agents but showed significant effects when combined with an EGFR inhibitor. We tested this hypothesis by determining ALK phosphorylation and expression levels in patient-derived tumor cells after gefitinib treatment.
In 10004, a case that was the most sensitive to EGFR/ALK inhibitor combination, on average a 4-fold increase in total level of ALK protein compared to vehicle controls was detected by western blotting in patient 10004's cells 48 hours after 0.03 mM gefitinib treatment, with increases in phosphorylation of ALK up to 3.8 fold (Fig. 4A-E) . Notably, EGFR phosphorylation was inhibited early (at 6 hours) as expected and restored after 48 hours gefitinib treatment.
Patient 10058's tumor cells were also sensitive to EGFR/ALK inhibitor combinations, although increases in ALK protein level were small, up to 1.3 fold when treated with gefitinib at a clinical achievable dose 1 mM (Supplementary Fig. S2B) . Notably, 10058's tumor cells had a higher basal level of total ALK expression compared to 10004 (Supplementary Fig. S3 ). This is a possible explanation for the initial sensitivity of 10058 to GSK1838705A and TAE684 in the inhibitor assay (Table 1) , due to less reliance upon induction of ALK for ALK inhibitor sensitivity in this case.
Although 10054's sensitivity to gefitinib and four ALK inhibitors in scale-up studies was variable (Fig. 1) , RAPID assay ( Fig. 2 ) and cell nuclear staining ( Supplementary Fig. S1 ) showed sensitivity to ALK inhibition in combination with gefitinib, and induction of ALK protein after gefitinib treatment up to 2.1 fold was detected (Supplementary Fig. S2A ).
In contrast, ALK protein was not induced above vehicle control in patient 10250's tumor cells when treated with gefitinib at a clinical achievable dose 1 mM (Supplementary Fig. S2C ), the case that was relatively resistant to the EGFR/ALK inhibitor combinations as shown in Fig. 1 .
Of note, a previously reported [29] [30] [31] but less investigated 140 kDa ALK form, rather than the 220 kDa form, was induced by gefitinib in these HNSCC patient-derived tumor cells ( Fig. 4A-E; Supplementary Fig. S2 ), warranting further investigation of distinct oncogenic roles of ALK forms in HNSCC and other cancers.
Taken together, the level of ALK induction or the basal level of ALK correlated with the responses to gefitinib/ALK inhibitor and gefitinib/siALK combination. In the most sensitive case 10004, we observed the highest level of ALK induction after gefitinib treatment (average 4 fold, up to 5.6 fold); in another sensitive case 10058, although only up to 1.7 fold induction was detected, there was a higher basal level of ALK expression in na€ ıve tumor cells compared to 10004 ( Supplementary Fig. S3) ; in an intermediate responder 10054, moderate level of ALK was induced after treatment (up to 2.1 fold); while in a resistant case 10250, no more than 1.1 fold induction of ALK was observed by gefitinib treatment lower than 1 mM, a clinically achievable dose. These results suggest that ALK induction after gefitinib treatment and high basal level of ALK may be responsible for sensitivity to gefitinib and ALK inhibitor combinations in these tumor cells.
ALK expression was induced after gefitinib treatment in patient tumor-derived spheroids and xenografts
To evaluate the mechanism of EGFR inhibitor resistance under culture conditions considered more relevant to tissue than 2D were plated for each group after treatment for colony formation assays, colony numbers were determined by crystal violet staining after 12 days. C, Patient 10004 derived tumor cells were treated with 1 mM gefitinib, 600 nM ceritinib, or the combination of 500 nM gefitinib and 300 nM ceritinib for 72 hours. Cells were stained by annexin V and PI, and flow cytometry was performed to determine the ratio of annexin V positive and PI negative cells for each group. Data represents the mean § SD, each containing three replicates (n D 3). A one-way ANOVA was performed for statistical analysis.
culture, a patient tumor cell-derived spheroid model using the most sensitive case 10004 was generated. ALK protein was determined by immunofluorescent staining in gefitinib or vehicle-treated spheroids after treatment for 72 hours. Consistent with 2D culture, ALK protein levels were induced in spheroids treated with 1 mM gefitinib compared to vehicle controls ( Fig. 4F and G) . These results support ALK induction and activation after EGFR inhibition as a mechanism underlying the observed synergistic effect of EGFR and ALK inhibitors in combination.
In order to evaluate whether gefitinib treatment induced ALK expression in patient-derived xenografts in mice, patientderived tumor cells from case 10004 were subcutaneously injected into NSG mice, and upon tumor growth to 500 mm 3 , mice were treated with 100 mg/kg gefitinib or vehicle daily for 48 hours. Morphology of xenograft tumors and the original patient tumor were evaluated by H&E staining and similar differentiation status were found in xenograft tumors and the original tumor (Fig. 5A) . Levels of ALK RNA and protein were assessed by qRT-PCR and immunofluorescent staining, respectively. ALK RNA expression levels tended to increase after 48 hours of gefitinib treatment (p D 0.0818) (Fig. 5B) . Immunofluorescent staining showed statistically significant induction of ALK protein in 10004 patient-derived xenograft tumors treated with gefitinib compared to vehicle-treated controls ( Fig. 5C and D) .
Thus, expression of ALK after gefitinib treatment was induced in patient tumor-derived spheroids and xenografts, uncovering a potential patient-specific mechanism underlying synergy between ALK inhibitor and gefitinib in HNSCC.
Discussion
The current study identifies EGFR and ALK inhibitor combinations as effective combination therapies in EGFR inhibitorresistant HNSCC patient-derived tumor cells. Four different ALK inhibitors, including two that are FDA-approved, ceritinib and brigatinib, showed synergistic effects with gefitinib in patient-derived tumor cells, suggesting a potential benefit of using ALK inhibitors in combination with an EGFR inhibitor for treating HNSCC patients.
Importantly, we found a correlation between the responsiveness to gefitinib and ALK inhibitor combinations and the level of ALK induction or the basal level in ALK wild-type HNSCC patients. ALK has been implicated in the development and progression of many malignancies, including anaplastic large-cell lymphoma, NSCLC, and neuroblastoma. ALK fusions, mutations and amplifications are the most common alterations in ALK in cancers, 6, 9 and ALK fusions and other rearrangement have been used as a patient selection criteria for ALK inhibitors in NSCLC patients. 32, 33 Furthermore, wild-type expression of ALK was also strongly correlated with poor prognosis in cancer patients. 34 ALK alterations are not commonly detected (4% according to TCGA ciBioPortal 9 analysis) in HNSCC, and no expression level changes or mutations in ALK were detectable by RNAseq and whole exome sequencing analysis in our patients' tumors. The functional screens using viable patientderived tumor cells treated with gefitinib uncovered a mechanism of EGFR inhibitor resistance through ALK induction that was missed by genomic and transcriptomic analysis in naive tumors alone. The effectiveness of ALK inhibitors plus gefitinib in patient-derived cells was associated with strong induction of total ALK protein, induction of phosphorylated ALK and/or higher basal levels of ALK protein. Further, our findings indicate efficacy of EGFR and ALK inhibitors in tumor cells without ALK fusions or mutations.
Although ALK protein expression is relatively low in naive HNSCC patient tumors (The Human Protein Atlas 35 ), in latestage HNSCC, ALK promoter is hypomethylated and there is increased ALK activity in late-stage human HNSCC tumors and invasive OSCC cell lines, 11 suggesting plastic regulation of ALK expression in HNSCC. Given compensatory cross-talk between kinases, it is plausible that ALK upregulated in cancers after EGFR inhibitor treatment is responsible for the broader sensitivity seen in response to this combination. Support for this view comes from reports of different mechanisms of EGFR inhibitor resistance in various cancers including upregulation of parallel pathways such as MET, aurora kinase A and HER3 [36] [37] [38] and heterodimerization and transactivation of other RTKs such as MET, ERBB2, and IGF-1R. 37 ,39 Nuclear EGFR has been shown to function as a co-transcription factor alongside STAT3, E2F1 and STAT5 to enhance the transcription of aurora kinase A and c-Myc. [40] [41] [42] [43] [44] Studies have shown that EGFR inhibitors including gefitinib and cetuximab could induce EGFR translocation into the nucleus. 45, 46 Nuclear EGFR can contribute to acquired resistance to gefitinib and cetuximab by elevating expression of proteins including breast cancer resistance protein (BCRP/ABCG2) 47 and by upregulation of cyclin D1 and B-myb, 48 respectively. ALK RNA expression levels tended to be increased after 48 hours of gefitinib treatment (Fig. 5B) , suggesting ALK upregulation, at least partially, was at RNA level. Whether ALK is induced through nuclear EGFR as a co-transcription factor has yet to be determined. However, RNA stability, post-transcriptional, translational and posttranslational regulation may also play roles in ALK induction in these tumors.
ALK is expressed as the 220 kDa full-length transmembrane receptor, and a shorter form of 140 kDa could result from the extracellular proteolytic cleavage of the full-length receptor. 49 A significant correlation was reported between 140 kDa ALK protein levels and ALK inhibitor TAE684 response in wild-type neuroblastoma cell lines, 50 suggesting potential kinase dependence of these cancer cells on 140 kDa ALK protein and the benefit of targeting ALK in ALK wild-type cancers. Our finding that 140 kDa ALK protein expression and phosphorylation was induced after EGFR inhibitor treatment in ALK wild-type HNSCC provides evidence warranting further study of the oncogenic functions of this form in HNSCC and other cancers and possible specific targeting strategies in these diseases.
The use of patient-derived cells to functionally evaluate HNSCC cell sensitivity to drugs and siRNAs may provide critical guidance for precision medicine clinical trials in the future. The results of inhibitor and RAPID assays can be available in 4 to 8 weeks, well within the two-year timeframe of recurrence of most HNSCC. 51 Thus, providing functional information for stratification to match individual patients to effective drugs in clinical trials is feasible. Future development of HNSCC-specific inhibitor and siRNA panels based on highly altered pathways in big data sets such as TCGA HNSCC cohort could expand drugs and siRNAs targeting "dark" pathways that are not represented in the current inhibitor assay panels or FDA approved drugs. This promises to be beneficial in identifying more effective agents and combination therapies for HNSCC and also applicable to other cancer types.
Our in vitro dose-response studies demonstrated that the anti-EGFR mAb cetuximab also reduced cell viability when combined with the ALK inhibitor ceritinib better than ceritinib alone, but this was not statistically significantly different from cetuximab alone (data not shown). However, discrepancies between in vitro and in vivo efficacy of cetuximab have been reported. 52 Thus, ALK inhibitors could enhance the efficacy of cetuximab in HNSCC in vivo, although this remains to be determined.
Overall, our study reports evidence for ALK induction and activation after EGFR inhibitor treatment in HNSCC, suggesting a novel mechanism for and strategy to address EGFR inhibitor resistance using FDA approved ALK inhibitors. These findings provide a rationale to test EGFR and ALK inhibitor combinations in clinical trials and further investigate this phenomenon in other cancer types where EGFR inhibitors are relevant. ¡10 M cholera enterotoxin (Sigma, C8052), 2 £ 10 ¡11 M triiodothyronine (Sigma, T6397), 5 mg/mL insulin (Sigma, I9278) and 10 mg/mL epidermal growth factor (Gibco, PHG0311), was used for cell maintenance. Differential (1-3 minute) trypsinization (0.25% with EDTA, Gibco, 25200114) was used as needed to remove fibroblasts. Cells used for experiments were within passage 5.
Materials and methods
Collection
Inhibitor assay
HNSCC patient-derived cells were examined for sensitivity against a panel of 122 small-molecule inhibitors as previously described. 13 Briefly, 6-8 £ 10 3 cells per well were treated with a threefold interval dilution series totaling 8 concentrations of each drug (including no-drug control) in 384-well plates. After 72 hours, relative cell viability was determined using a tetrazolium-based MTS assay (Promega, PR-63581), and IC50 values were determined from the dose-response curves. A final concentration of 50 nM of one of three EGFR inhibitors used in clinical trials for HNSCC or other cancers was used in combination with the inhibitors on the panels to identify synergistic agents (lapatinib (Selleck, S1028) in patient 10004's and 10021's cells, erlotinib (Selleck, S1023) in patient 10054's and 10058's cells, and gefitinib (Selleck, S1025) in patient 10139's, 10159's, 10205's and 10250's cells).
Scale-up inhibitor validation studies
Patient-derived tumor cells were distributed in 96-well plates with dilution series totaling 10 concentrations of each drug. Cells were plated at a density of 8 £ 10 3 cells/well and treated with the following inhibitors or combination of inhibitors for 72 hours: gefitinib, TAE684, GSK1838705A, ceritinib and brigatinib. For the drug combinations, gefitinib and ALK inhibitors were used at a ratio of 2:1. All inhibitors were purchased from Selleck Chemicals. All conditions were plated in triplicates. Cell viability was measured using MTS assay, and absorbance (490 nm) was read at 1 to 4 hours after adding reagent using a BioTek Synergy 2 plate reader. MTS absorbance values of inhibitor-treated wells were normalized to those of untreated cells. IC50 values were determined by CalcuSyn (BioSoft).
RAPID assay
The RNAi-assisted protein target identification (RAPID) assay has been previously described. 25 All siRNAs were SMARTpool: siGENOME siRNA pools (GE Dharmacon).
Quantification of annexin V/propidium iodide staining
Cells were stained using annexin V Apoptosis Detection Kit APC (eBioscience, 88-8007) according to the manufacturer's protocol. Cells were treated with 1 mM gefitinib, 600 nM ceritinib, 500 nM gefitinib and 300 nM ceritinib, or vehicle control (DMSO) for 72h prior to analysis. Cells were re-suspended in annexin V binding buffer containing APC conjugated annexin V, followed by addition of propidium iodide (PI). Subsequently, cells were analyzed by flow cytometry, using a Canto II. Data were analyzed using FlowJo_v10. Unstained cells as well as annexin V, and PI single stained cells were used as negative controls.
Colony formation assay
After exposure to the pooled siRNAs for 12 days, cells were washed with PBS, then fixed and stained with a mixture of 6.0% glutaraldehyde (Sigma, 340855-25ml) and 0.5% crystal violet (Sigma, C0775-25G) for 30 minutes. Plates were rinsed with tap water and dried in normal air at room temperature (20 C) . Colonies were counted manually.
Nucleated cell number analysis
Patient-derived tumor cells in triplicate wells were treated with either 1 uM gefitinib, 600 nM ceritinib, the combination of 1 uM gefitinibC 600 nM ceritinib or vehicle for 48 hours. After treatment, cells were fixed using 4% paraformaldehyde (Electron Microscopy Science, 15710), blocked using 5% goat serum (Abcam, AB138478) and 0.3% Triton X-100 (Sigma, T8787), and stained with Hoechst (Thermo Fisher, 62249). After subsequent washing with PBS and 0.5% Tween20 (Sigma, P7949), coverslips were mounted using prolong diamond antifade (Fisher, P36961). Images were taken using an EVOS FL microscope (Thermo Fisher) with a 10x objective. Five images were taken per coverslip, resulting in 15 images for each treatment group. Nuclei were counted using Image J 56 .
Immunoblotting
Patient-derived tumor cells were treated with cell lysis buffer (Cell Signaling Technologies, 9803S) with complete mini protease inhibitor mixture tablets (Roche, 11836153001), and Phos-STOP Phosphatase Inhibitor Cocktail Tablets (Roche, 4906845001). Lysates were spun at 8,000 xg for 10 minutes at 4 C to pellet cell debris, mixed 3:1 with 4x Laemmli Sample Buffer (Bio-Rad, 1610747) with b-ME, and heated at 95 C for 5 minutes. Lysates were run on 4% to 15% Criterion TGX Precast Midi Protein Gel (Bio-Rad, 5671083), transferred to a polyvinylidene difluoride membrane (Bio-Rad, 1704157), and blocked for 1 hour in TBS-T with 5% BSA. Blots were probed overnight at 4 C with anti-ALK rabbit antibody (1:300, 3333), Phospho-ALK (Tyr1604) Antibody (1:300, 3341), EGF Receptor (D38B1) XP Ò Rabbit mAb (1:1000, 4267), Phospho-EGF Receptor (Tyr1068) (1H12) Mouse mAb (1:1000, 2236) or a-Tubulin (DM1A) Mouse mAb (1:1000, 3873), followed by anti-rabbit or anti-mouse IgG HRP conjugated secondary antibodies. All primary antibodies are from Cell Signaling. Blots were developed using Clarity TM or Clarity Max TM Western ECL Substrate (Bio-Rad, 1705060 and 1705062) and imaged using a Bio-Rad ChemiDoc touch MP Imaging System. Optimal exposure time was automatically determined by ChemiDoc touch. The SK-N-SH cell line which expresses both 220 kDa and 140 kDa ALK was used as an ALK-positive control to confirm molecular weight in all western blot experiments for ALK and p-ALK detection.
Patient-tumor-cell-derived spheroids formation, treatment, and immunofluorescent staining Patient-derived tumor cells were grown into spheroids using a hanging drop method as previously described. 57 Spheroids were embedded in Collagen I (Corning, 354236) and were cultured for four days. 1 mM gefitinib diluted in DMEM/F12 (Gibco, 11330057) supplemented with 5% bovine calf serum (Hyclone, SH3007203) or vehicle was applied to the cells for 72 hours. The experimental procedure for embedding and staining was as previously reported with minor modifications. 58 Spheroids were fixed in 4% paraformaldehyde and 1% Triton X 100 (Sigma, T8787), and then washed with PBS and 10mM Glycine (Bio-Rad, 1610717). Spheroids were dehydrated in an ascending series of methanol, then rehydrated before blocking overnight at 4 C with 3% normal goat serum (Abcam, AB138478) in PBS. ALK antibody (1:100, Cell Signaling, 3633) was diluted in 3% normal goat serum and 0.1% Triton X 100 in PBS and incubated for two nights at 4 C. Alexa Goat AntiMouse Texas Red antibody (Invitrogen, T2767) and Hoechst (Thermo Fisher, 62249) was applied at 1:1000 and 1:2000 dilution overnight at 4 C. Cells were imaged using a Nikon/Yokogawa CSU-W1 Spinning Disk Confocal. Replicate spheroids of each treatment condition were completed and imaged. Mean fluorescent intensity was quantified using Fiji (ImageJ, NIH, Bethesda, MD) at five separate levels in the z stack, consistent across all images and was normalized to the volume of the spheroid, calculated using Bitplane Imaris (Oxford Instruments).
Xenograft mouse model for ALK induction after Gefitinib treatment
NOD SCID GAMMA (NSG) mice (8-16 weeks old) were used for this study. Mice were divided into 2 groups (n D 8 mice per group), 1) vehicle control; 2) 100 mg/kg gefitinib. Patientderived tumor epithelial cells (2 £ 10 6 in 0.1 ml) from 10004 were inoculated subcutaneously into the right flank of all mice. Treatments were initiated when tumors reached 500 mm 2 . Body weights and tumor dimensions were determined 3 times a week, and tumor volumes were calculated from measurements of 3 diameters of individual tumors based on the following formula: tumor volume (mm3) D 1/2(length £ width 2 ). Treatment with gefitinib or vehicle control (dimethyl sulfoxide 5% and corn oil 95%) administered daily by oral gavage for 2 days. The volume of liquid for oral gavage was 0.1 ml / 10 g. Mice were sacrificed and the tumors were harvested 2 days after the last gefitinib treatment. All studies were performed according to guidelines approved by OHSU Institutional Animal Care and Use Committee.
Statistical analyses
For the scale-up IC50 experiments, nucleated cell count assay, colony formation assay, annexin V/PI staining assay and western blot quantification, a one-way ANOVA test with Dunnett's multiple comparisons were carried out for each treatment condition compared with monotherapy treated groups, vehicletreated cells or appropriate controls. For spheroid staining, ALK RNA expression, xenograft ALK protein staining experiments, student's t-tests were performed for treatment groups compared with vehicle groups. Combination indices were calculated using CalcuSyn (Biosoft), whereby data points for combinations with upper confidence limits below 1 are considered synergistic. 23 
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